The 3' end of the RNA-2 of arabis mosaic virus (ArMV) was cloned and sequenced. The N-terminal amino acid sequence of the virion coat protein was determined by Edman degradation and the corresponding coding region identified. This gene was modified at the 5' and 3' ends by use of mismatched primers in the polymerase chain reaction (PCR), in order to facilitate the cloning of the gene, and to provide it with a methionine initiation codon. The modified cloned gene was expressed in transgenic plants, recombinant baculovirus-infected insect cells and bacteria. Both the insect cells and the plants expressing the modified coat protein gene contained empty virus-like particles (VLPs) similar to the empty virus shells found in plants infected with ArMV. These VLPs were not detected in the Escherichia coli expressing the coat protein.
Introduction
Arabis mosaic virus (ArMV) is a nepovirus, having a bipartite ssRNA genome of approximate Mr values of 2.4 x 106 and 1.4 x 106 (Harrison & Murant, 1977) . The virus has a single coat protein of approximately 55K, and icosahedral particles of 28 nm (approx.) diameter, composed of 60 coat protein monomers in a T = 1 presumably pseudo T = 3 structure (Takemoto et al., 1985) . Translation of the two RNAs gives two polyproteins (Hellen et al., 1991) : RNA-1 encodes the protease which cleaves the two polyproteins into functional units, whereas RNA-2 encodes the coat protein (CP), the gene for which has been shown to be T-terminal for grapevine fanleaf virus (GVFLV) (Serghini et al., 1990) .
During the past decade, a variety of foreign genes have been expressed in plants using Agrobacterium tumefaciens as a gene vector. Much plant transformation has been aimed at the production of virus-resistant plants, the most successful strategy for which has been transformation, such that plants express the coat protein gene (PoweU-Abel et al., 1986; Van Dun et al., 1987; Tumer et al., 1987; Loesch-Fries et al., 1987; Cuozzo et al., 1988; Van Dun & Bol, 1988; Hemenway et al., 1988; Hoekema et al., 1989; MacKenzie & Tremaine, 1990) . Since the degree of protection is correlated with the amount of coat protein produced in the plants (Nejidat & Beachy, 1989) , we sought to maximize the coat protein production using the 'omega-prime' translation enhancer sequence derived from tobacco mosaic virus (Gallie et al., 1987) . The gene construct was under the control of the cauliflower mosaic virus (CaMV) 35S promoter and the nopaline synthase DNA transcription terminator (NOS term). In addition, the construct included two enhancer sequences derived from the CaMV 35S promoter.
The expression of foreign genes in bacteria is well established and many plasmid vectors have been made to facilitate this. However, owing to the fundamental differences between prokaryotic and eukaryotic systems, the expressed gene products sometimes lack essential post-translational modifications or are produced in abnormal aggregated forms.
Baculovirus expression systems constructed from Autographa californica nuclear polyhedrosis virus (AcNPV) have been developed which help overcome these difficulties (Luckow & Summers, 1988) , and thereby facilitate analyses which would have been impossible had the proteins been made in the natural systems or from prokaryotic expression systems (Overton et al., 1989; Thomas et al., 1990; Hilditch et al., 1990) . Expression of plant viral genes using the baculovirus system was not reported until very recently (Zuidema et al., 1990; van Bokhoven et al., 1990 ).
Methods
ArMV purification. A lilac isolate of ArMV (Liu et al., 1990) was propagated in Chenopodiun, quinoa and purified from systemically infected leaves as described by Harrison & Nixon (1960) , except that, after butanol:chloroform clarification of plant sap, particles were coacervated with 10 ~ polyethylene glycol (PEG) in the presence of 1 sodium chloride. The virus preparation was further purified by rate zonal centrifugation in linear sucrose gradients (10 to 40%) for 2-5 h at 25000 r.p.m, in a Beckman SW28 rotor.
Native ArMV (lilac isolate) particles sediment as two zones during sucrose rate density gradient centrifugation; the slower sedimenting component contains very little or no RNA, whereas the faster sedimenting component contains the genomic RNA and the satellite RNA when present. These sedimentation characteristics contrast with those reported for other ArMV isolates, in which the virus sediments as three zones.
ArMV RNA purification. The bottom component of the purified virus was extracted once with an equal volume of phenol equilibrated with TE buffer (10 mM-Tris-HCl pH 7.5, 1 m~i-EDTA) and twice with an equal volume of chloroform, before precipitation of the nucleic acid in the aqueous phase by addition of 10% 3 M-sodium acetate and 2.5 volumes of ethanol and storage at -20 °C for at least 12 h. Nucleic acids were recovered by centrifugation at approx. 12000g for 20 rain, and the pellet was washed twice in 75 % ethanol before drying and resuspension in water.
Synthesis and cloning of cDNA. RNA from ArMV was used as a template for cDNA synthesis using oligo(dT)l 2-1s and the Amersham cDNA cloning system, 2gtl0, as the manufacturer directed. The resulting phage library was screened using alkaline agarose gel electrophoresis of EcoRI-digested and [32P]dATP Klenow polymerase endqabelled DNA. Clones of interest were sublconed into the Pharmacia vector pT7T3 18U before use as nick-translated [3zP]dATPqabelled probes in Northern blot hybridization against ArMV RNA.
DNA sequencing. A 2.4 kb cDNA clone representing the 3' end of ArMV RNA-2 was cloned in both orientations into the plasmid pT7T3 18U (pT7T31-ArMV and pT7T32-ArMV). These two recombinant plasmids were used to construct nested deletion libraries by controlled digestion with exonuclease III of XbaI-and PstI-cut plasmids, bluntended ligation of the Klenow polymerase filled-in products and transformation of E. coli (NM522). The nested deletion library was screened by restriction analyses of DNA purified by alkaline lysis (Sambrook et al., 1989) . Clones of interest were used to produce ssDNA templates using the helper phage M13KO7, or to produce dsDNA sequencing templates essentially by the method of Chen & Seeburg (1985) . The templates were sequenced using dideoxynucleotide chain termination (Sanger et al., 1977) and the modified DNA polymerase 'Sequenase'. DsDNA templates of pT7T31-ArMV were also sequenced using as templates the two primers prepared for the polymerase chain reaction (PCR). The entire clone was sequenced at least once in both directions. Sequence analysis was done using a variety of programs (Staden, 1982 (Staden, , 1984a (Staden, , b, 1986 Devereux et al., 1984) , available on the Oxford University Computing Service VAX[VMS.
Production ofantisera. Antiserum to ArMV (ABI0 isolate) was raised by inject!on of purified ArMV into rabbits; injections of 500 ~tg (1 ~tg/ml) were given at two sites subcutaneously four times at intervals of 10 days. After a further 10 days the animals were terminally bled. The initial injection was mixed with an equal volume of Freunds's complete adjuvant, and subsequent injections with an equal volume of Freund's incomplete adjuvant. This antiserum (titre 1/2000) reacted with intact ArMV but did not react to denatured ArMV coat protein in, for example, Western blot hybridizations. To obtain antiserum that reacted with denatured ArMV coat protein, the faster sedimenting component of purified ArMV was denatured by the addition of SDS to 0-1% and heating in a boiling water bath for 5 min. This denatured virus was then used to raise antisera in guinea-pigs by the same method except that the amount of virus given in each injection was 250 I~g.
Protein sequencing of the N-terminal amino acids of the coat protein.
Capsid protein from the faster sedimenting component of purified ArMV was electrophoresed in a 10~ SDS-polyacrylamide gel (Laemmli, 1970) , transferred to Immobilon-P membrane (Millipore U.K.) according to the manufacturer's instructions, and then subjected to automated Edman degradation using an Applied Biosystems 470A protein sequencer (Hewick et aL, 1981) .
PCR. Both primers were synthesized by the phosphotriester method with an Applied Biosystems 380B DNA synthesizer and were dialysed against water following deprotection at 55°C overnight. Each comprised 11 or 12 bases which were non-complementary followed by 30 bases which were complementary to the ends of the gene. The noncomplementary bases, introducing the desired modifications at the ends of the gene, were at the 5' end a BamHI site followed by an ATG initiation codon in the context of a Kozak consensus and a NcoI site, and at the 3' end an XbaI site and a KpnI site. The subterminal locations of the NcoI and KpnI sites facilitated their cleavage. The primers were (regions of non-complementarity in bold): GGATCCACCATGG-GACTTGCTGGTAGAGGCTCTGTCCAGGT (5'-CP) and TCTA-GAGGTACCTCTTTTAACGTCAGATTCTCAAGACGTGAG (3'-CP). Conditions designed to maximize the fidelity of the PCR reaction were used (Innis & Gelfand, 1990) . Linearized pT7T31-ArMV (50 ng, Ban*HI-cut) was used in a 100 ktl reaction containing 10 ~tl of 10 x PCR reaction buffer (100 mM-Tris-HCl pH 9.0 at 25 °C, 500 mM-KC1, 15 mi MgCl 2, 0.1% gelatin), 5 ml 10 mM-dNTPs, 100 ~tg of both of the PCR primers and 2.5 units (U) Taq polymerase (AmpliTaq, Perkin Elmer Cetus), and the reaction mixture was overlaid with light mineral oil. Ten cycles of 94 °C for 1 min, 60 °C for 30 sec and 75 °C for 1 min were applied before the reaction mixture was extracted with an equal volume of chloroform and the amplified DNA was recovered by ethanol precipitation.
Cloning of the PCR product. Cloning of the PCR product was done using standard procedures (Fig. 1) . The PCR product (DNA) was digested with KpnI and NcoI before being cloned into the appropriate sites in pT7T3 18U. This construct included a polylinker suitably modified by blunt-ended ligation of an appropriate PCR product. The recombinant clone (pT7T3-CP) used for subsequent manipulations was characterized by restriction analysis before both ends of the insert were sequenced using dsDNA templates and the M13-40 universal primer, as well as both of the primers used in the PCR reaction.
The modified gene was cloned into a plant transformation vector as follows. The coat protein gene was excised from pT7T3-CP by digestion with NeoI and Kpnt before being ligated into NeoI-and KpnIdigested pMJD-82 (constructed and kindly donated by Dr M. DowsonDay of the IPSR Nitrogen Fixation Laboratory, University of Sussex, Brighton, U.K.). This construct (pMJD-CP) was then digested with BamHI and EcoRI, and the fragment containing the coat protein gene flanked by the various control and enhancer elements was inserted into the binary vector pBinl9 (Bevan, 1984) digested with EcoRI and Ban*HI to give the plasmid pBin-CP.
The coat protein gene was cloned into a baculovirus expression vector as follows. The gene was excised from pT7T3-CP by digestion with SalI and EcoRI and the ends were filled-in using Klenow DNA polymerase before cloning into SalI-cut, filled-in and dephosphorylated pUC4K (Vieira & Messing, 1982) to give pUC-CP5. Dephosphorylation was done using calf intestinal alkaline phosphatase. The modified coat protein gene was then excised from pUC-CP5 by BamHI digestion and ligated into Ban,HI-cut and dephosphorylated pAcCL29-1 ( Livingstone & Jones, 1989) . The 5' sequence at the insertion site in the recombinant plasmid pAc29-ArM23 was determined to confirm the integrity of the translation initiation site. The coat protein gene was cloned into the bacterial expression vector as follows. The gene was excised from the recombinant vector pUC-CP5 by BamHI digestion and ligated into BamHI-cut and dephosphorylated expression vector ptac-85 (Marsh, 1985) , producing the recombinant vector ptac-CP in which the NcoI site contains the first initiation codon of the CP gene.
Transformation of tobacco plants. The plasmid pBin-CP was transferred from NM522 to A. tumefaciens LBA4404 by triparental mating, and transfer was confirmed by restriction analysis of DNA prepared by alkaline lysis. Using standard methods, leaf discs of Nicotiana tabacum cv. Xanthi n.c. were transformed with A. tumefaciens containing the plasmid pBin-CP (Horsh et aL, 1985) , and putative transformants selected by their resistance to kanamycin (100 rtg/ml).
Cotransfection of insect cells and selection of recombinant baculovirus.
Recombinant virus, AcArM3, was obtained from Spodoptera frugiperda cells contransfected with pAC29-ArM23 (5 ~tg) and wild-type AcNPV DNA (1 Ftg) as described by Matsuura et al. (1987) . Baculovirus stocks were propagated in S. frugiperda cells in TC100 medium (Knudson, 1975) supplemented with 5% foetal calf serum (FCS) and titrated for infectivity as described by Brown & Faulkner (1977) .
Expression of the coat protein gene in E.coli. E. coli containing the plasmid ptac-CP were grown to stationary phase overnight in Luria broth containing 100 pg/ml ampicillin. These fresh cultures were then used to seed new cultures in the same medium, which were then grown to mid-log phase before the addition of IPTG to a final concentration of 0.1 mM. Growth was continued for a further 2 h before the cells were harvested by centrifugation and analysis of the proteins.
Screening of transformants for expression of the coat protein gene.
The levels of coat protein expression in the different transgenic tobacco clones were quantified by ELISA done essentially as described by Edwards & Cooper (1985) . Western blot hybridization analyses were done using an ATTO rapid electroblot apparatus for 2 h at 150 V. The transfer buffer used was 20 mM-Tris, 100 mM-glycine, pH 8.2, 25% methanol. The filter was incubated in blocking buffer (5% skimmed milk, 0-05% Tween 20 in PBS) for 30 min, then in blocking buffer plus 1/1000 guinea-pig serum (prepared against SDS-dissociated ArMV virions) for I h; the filter was then washed three times for 5 min in blocking buffer. The immune complexes were detected using antiguinea-pig IgG-alkaline phosphate and p-nitrophenyl phosphate as substrate.
Electron microscopy. Extracts from the three expression systems were prepared for antibody capture as follows. Plant tissues homogenized in 50 mM-phosphate buffer (pH 7.0) were either used directly or were first clarified using an equal volume of butanol :chloroform (1:1 v/v). S. frugiperda cells were pelleted, washed twice with PBS and then lysed by two cycles of freezing and thawing in a hypotonic solution of 5 mMTris-HC1 pH 7.4. Cultures of E. coli expressing the coat protein were extracted with an equal volume of butanol :chloroform (1:1 v/v) and the aqueous phase was retained.
For antibody capture, carbon-coated formvar grids (300-mesh) were incubated on a 1/1000 solution of rabbit anti-ArMV (AB10) serum in PBS for 1 h then washed three times in PBS. The samples were incubated overnight on these antibody-coated grids, the grids were then washed three times in water before negative staining in 2 % uranyl acetate or 2% methylamine tungstate or, for antibody decoration, further incubated in a 1/50 dilution of rabbit anti-ArMV AB10 serum for 30 min before washing and staining.
Comparisons of the sedimentation characteristics of the expressed viruslike particles ( VLPs) from insect cells and native virus. S. frugiperda cells (100 ml) infected with recombinant baculovirus were harvested 3 days post-infection, washed with PBS twice and lysed by two cycles of freezing and thawing in a solution of 5 mM-Tris-HC1 pH 7.4. This cell lysate was then treated the same way as the plant material used for ArMV purification (because the sample volume was small, PEG precipitation was unnecessary), as was the supernatant from the infected cell culture. The two resultant solutions were loaded onto quasilinear gradients made from sucrose (10 to 40% w/v in phosphate buffer) and these were centrifuged in parallel with a preparation of ArMV from infected C. quinoa plants. Regions from the gradients of the purifications from the insect ceils were harvested parallel to the two bands of virus particles visible on the gradient of the plant virus. The particles were concentrated by centrifugation after dilution by at least 10-fold. These samples were analysed by Western blot hybridization. [3H]mevalonolactone (dried down and resuspended at an activity of 10 mCi/ml in ethanol just prior to use). The cells were then incubated for 18 h at 28 °C. The supernatant (200 ml) was then added to 300 ml of radioimmunoprecipitation assay (RIPA) solution 50 mM-Tris-HC1 pH 7.4, 150 mM-NaCI, 1 ~ Triton X-100, 1 ~ sodium deoxycholate, 0.1 SDS, 20 mM-EDTA) and the cells were washed in PBS before resuspension in RIPA solution. Guinea-pig serum against SDSdissociated ArMV was then added to these soloutions at a final concentration of 1/250 and immunoprecipitation allowed to occur overnight at 4 °C. The immune complexes were harvested from the solutions using Protein A-Sepharose. The proteins were subsequently analysed by SDS-PAGE and autoradiography.
Results

Nucleic acid and protein sequences
The nucleotide sequence of the 2.4 kb clone of the RNA-2 of ArMV is presented in Fig. 2 . There is a run of 15 A residues at one terminus (not shown in Fig. 2) indicating that it represents the 3' terminus of the ArMV RNA-2. In the ArMV sequence, the 3' non-coding region is 191 bp long. The nucleotide compositions of the coding and non-coding regions of the 2.4 kb clone of ArMV RNA-2 are 25-0% G, 25.3% A, 29.9% T, 19-8% C, and 17-2% G, 20.8% A, 46.9% T, 15.1% C respectively. Direct amino acid sequencing of the intact coat protein yielded a sequence of 20 amino acids, which corresponded to a region of amino acids in the proposed reading frame (Fig. 2) . This indicates a protease cleavage site of R-G, which is the same as that determined by Serghini et al. (1990) for the cleavage site delimiting the coat protein gene in GVFLV. The protein delimited by this cleavage site and the first stop codon in the proposed reading frame has an Mr of 55710, and shows 72"2~o amino acid identity with the proposed GVFLV coat protein (Fig. 3) . However, the degree of similarity between these two proteins is not evenly distributed. Fig.  4 shows sharp drops in the percentage amino acid identity (in 10 amino acid spans) at two positions along the coat protein. These two drops may reflect a greater flexibility of structure of the coat proteins in the two regions between three fl-barrel domains, as shown for bean pod mottle virus and cowpea mosaic virus (Shanks et al., 1988) . There is also a sharp drop in the identity between the two polyproteins before the R-G cleavage site.
Expression of the ArMV coat protein in plants, insect cells and E. coli
The ArMV coat protein was detectable by Western blot hybridization analysis in five independent transgenic tobacco clones, in the recombinant baculovirus-infected insect cultures and in the IPTG-induced bacterial cultures containing ptac-CP constructs (Fig. 5) . Having regard to the relative amounts of the samples applied to the gels, the amounts of CP detected in E. coli extracts were greater than those produced in transgenic plants.
The ELISA measurements of the levels of coat protein in the transgenic plants revealed large differences in the levels of expression of the gene in different transgenic clones; these results are shown in Fig. 6 . The clone PTW4 expressed the coat protein at about 0.8 ~ of total plant soluble protein, the other clones (PT3, PT2 and PT7) at about 0.03~.
Electron microscopy
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Test for linkage of coat protein to fatty acids
The ArMV coat protein was not labelled with tritiated mevalonolactone or myristic acids in circumstances when the expressed VP0 of poliovirus was myristylated.
Discussion
Although others have expressed viral capsid proteins in transgenic plants, this is the first report of VLPs being produced during this process. The amounts of ArMV capsid protein we detected are similar to those reported by others implying that the lack of protein association was not due to concentration alone. Accepting that other workers expressed the proteins in fully competent form, it seems more likely that the phenomenon we observed reflects a fundamental property of the ArMV-derived protein.
Among the groups of plant-infecting viruses, only a few have capsids in which protein-protein interactions are sufficiently strong for stable empty VLPs to be a major feature of virus populations. Thus, empty shells constitute only a minor component in most preparations of alfalfa mosaic virus (Jaspars & Bos, 1980) , comoviruses (Bruening, 1978) or broad bean wilt fabavirus (Taylor & Stubbs, 1972) . Indeed, apart from nepoviruses, empty VLPs are a consistent and abundant particle type only in preparations of tymoviruses (Koenig & Lesemann, 1979; Matthews, 1980 HH  GT  SC  DY   iii  115  120  125  130  135  140  145  150  155  160  165 ArMV Fig. 3 . Alignment of the coat protein amino acid sequences derived from the RNA-2 nucleotide sequences of ArMV and GVFLV (Serghini et al., 1990) . ArMV (O) were tested in a fivefold dilution series starting at 1/20 dilution of fresh plant leaf and 0-4 mg/ml (assuming A°~260 n~ = 10) for the purified ArMV preparation. the transgenic plants in which VLPs were detected did not, may reflect any of the numerous fundamental differences between prokaryotic and eukaryotic cells.
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Differences in linkage between ArMV coat proteins and fatty acids may provide an explanation. It is noteworthy that virion-membrane associations which are a feature of nepovirus replication in plants (Harrison et al., 1974; Roberts & Harrison, 1970) may depend on such a linkage (as in picornaviruses; Chow et al., 1987; Schultz & Rein, 1989) . However, myristylation of the Nterminal glycine seems unlikely because sequencing of the protein derived from ArMV particles was not blocked. Furthermore, in S. frugiperda cells, the ArMV coat protein was not detectably linked to either mevaIonic or myristic acids.
The fact that empty shells formed in transgenic plants expressing the ArMV capsid protein is a cause for concern because it compromises the use of electron microscopy in diagnosis. That VLPs from insect cells have the same sedimentation characteristics as the empty particles from natural virus infection implies that the encapsidation of nucleic acid in virus particles is specific. However, trans-encapsidation of nucleic acid from one virus by the coat protein encoded by a second virus has been recorded (Zfivada, 1982) and the pseudovirions so formed might derive enhanced abilities to cross species or vector boundaries. Even infrequent transcapsidation could have very important biological consequences because of the role played by capsid proteins in the determination of virus-vector associations. Thus, at least for some viruses, it may be prudent to consider using only incomplete coat protein gene constructs when seeking to achieve safe transgenic plant protection.
